The complete larval development and the morphology of the first juvenile stages of two freshwater-breeding crab species endemic to Jamaica are described and illustrated in detail in the present paper. One of these species, Sesarma windsor, lives in and near caves in the karst regions of central western Jamaica, whereas the second species, Metopaulias depressus, occurs sympatrically but with a wider range in western and central Jamaica in water-filled leaf axils of bromeliads. Even if these species are placed in separate genera, they are extant representatives of the same adaptive radiation that resulted in at least ten Jamaican endemic crab species thriving in different landlocked habitats. Consequently, larval morphologies of the two species are very similar, but conspicuously different from the developmental patterns in their marine relatives. Both species display an abbreviated mode of development, showing morphological reductions in some features and pre-displacement in the expression of several others. Both species pass through two non-feeding zoeal stages, after which S. windsor moults to a facultatively lecithotrophic megalopa. In contrast, M. depressus directly moults from the zoea II to a juvenile stage (also facultatively lecithotrophic) that shows a mixture of juvenile and vestigial larval characters, such as a partly folded pleon, but no longer larval traits such as natatory pleopods. This represents the first record of larval development with no megalopal stage for Sesarmidae. A closely related species from mangroves in the Caribbean and northeastern South America, Sesarma curacaoense, shows a reduction in larval development, but with different morphological characteristics. We here discuss whether this could be a shared ontogenetic character or the consequence of convergent evolution.
INTRODUCTION
During its relatively short geological history since its last emergence in the middle Miocene (Robinson, 1994; Iturralde-Vinent and MacPhee, 1999) , the Caribbean island of Jamaica has become a hot spot of evolution in the Tertiary and Quaternary, revealing several conspicuous processes of adaptive radiation in both terrestrial and limnic environments that occur in various taxa of vertebrates, invertebrates, and plants (see Hedges, 1966; Graham, 2003) . Among Crustacea, a lineage of at least ten endemic species of sesarmid crabs has evolved from a single marine ancestor, now inhabiting various types of non-marine habitats in the interior of the island, including rivers and creeks, subterranean limestone caves, the moist floor of forest-covered karst hills, snail shells, and leaf axils of bromeliad plants (Hartnoll, 1964; Schubart et al., 1998; Diesel et al., 2000; Schubart and Koller, 2005) .
Radiations originating from marine organisms in nonmarine environments would be impossible without the evolution of major life-history adaptations. In particular, the planktonic and typically planktotrophic larval phase of marine decapod crustaceans may be considered a crucial bottleneck for limnic and terrestrial invasions, because the early lifecycle stages are especially sensitive against planktonic food limitation, desiccation, variability in temperatures or ion concentrations, and other stress factors occurring in nonmarine habitats (for review, see Anger, 2001; . Among the endemic Jamaican crabs, reproductive and developmental adaptations have been observed in about one half of the presently known species, while the biology of the remaining species of this clade is still largely unknown (Anger et al., 2007 , and earlier papers cited therein). In all species for which life history investigations have become available, the larval phase is abbreviated, comprising only two non-feeding zoeal stages and a facultatively lecithotrophic megalopa. These reproductive traits imply a shortening of the vulnerable freeliving larval phase and a greatly reduced dependence on planktonic food sources. Moreover, there seems to be a trend towards an enhanced maternal brood care that may further mitigate environmental stress and the risk of predation (for recent discussion and references, see Anger et al., 2007) .
While physiological and biochemical aspects of the larval biology have recently been studied in several endemic Jamaican species, details of larval morphology have remained almost unknown. Only an incomplete description was included in the pioneering study by Hartnoll (1964) , showing for two species (the ''bromeliad crab,'' Metopaulias depressus Rathbun, 1896 , and a riverine species, Sesarma bidentatum Benedict, 1892) that they have a free-living larval phase and do not show direct development like most other freshwater crabs.
The present study provides the first complete and detailed description of larval and early juvenile morphol-JOURNAL OF CRUSTACEAN BIOLOGY, 30(1): 101-121, 2010 ogy for any of the endemic Jamaican crab species. We studied the early development in a riverine crab, Sesarma windsor Türkay and Diesel 1994 [redescribed by Schubart et al. (1997) ], as well as in the terrestrial species M. depressus. While S. windsor lives in or near to limestone caves and subterranean streams in central Jamaica (Schubart et al., 1997; Schubart and Koller, 2005) , M. depressus is associated with large bromeliad plants growing on forestcovered limestone hills and on trees in the northern parts of central and western Jamaica (Hartnoll, 1964; Diesel et al., 2000) . They live and breed in water-filled leaf axils of the bromeliads. In order to do so, they evolved a complex brood care behaviour and an important degree of social structure (Diesel and Schubart, 2007 and references therein) . Physiological aspects of their reproduction and larval development, including fecundity, hatching patterns, storage and utilization of chemical energy, larval independence from food, oxygen consumption, and calcium demand, have experimentally been investigated by Anger and Schuh (1992) , Diesel and Schuh (1993) , , and Anger and Schubart (2005) .
The larval morphology of these two endemic species is compared with that of Sesarma curacaoense De Man, 1892, a crab that lives in brackish mangrove habitats on Jamaica and other Caribbean islands, as well as in coastal regions of Atlantic Central America and northeastern South America (Abele, 1992) southwards to the state of Bahia in Brazil (Almeida et al., 2006) . This species is considered one of the closest marine relatives of the limnic-terrestrial clade on Jamaica and may therefore be a model for ancestral traits in larval development and morphology (for morphological and molecular evidence of phylogenetic relationships, see Hartnoll, 1964; Schubart and Cuesta, 1998; Schubart et al., 1998; 2000) . Similar to all endemic Jamaican sesarmids, for which the life history has been studied, this crab reveals an abbreviated and partially food-independent larval development (Anger, 1995; Anger et al., 1995; Schubart and Cuesta, 1998) , making it plausible that these patterns may already had been present in the colonizing marine species that gave rise to the adaptive radiation of crabs on Jamaica. Moreover, we include in our comparisons of larval morphology the closely related estuarine or coastal marine species, Sesarma reticulatum (Say, 1817) and S. rectum Randall, 1840, which present a more extended type of larval development with three zoeal stages (Costlow and Bookhout, 1962; Fransozo and Hebling, 1986) .
MATERIALS AND METHODS

Collection and Maintenance of Crabs
All crabs used in this study were collected on Jamaica during the period 9-22 March, 2003. Ovigerous females of S. windsor were obtained from the type locality of this species, the Mouth River, next to the Printed Circuit Cave near Albert Town in Trelawny, those of M. depressus from the Dolphin Head area in western Jamaica (Hanover). After collection, the crabs were transported to the Discovery Bay Marine Laboratory (Discovery Bay, St. Ann), and subsequently maintained in freshwater kept at 24 6 3uC and a natural light cycle (ca. 12:12h L:D), providing plant materials from the Martha Brae River (Jamaica: Trelawny) as natural food sources. Later, the crabs were transported to the Helgoland Marine Biological Laboratory (Germany). Here they were maintained in aquaria with aerated tap water and limestone rocks added as a calcium source, at similar conditions of temperature and light as on Jamaica (24 6 1uC; 12:12 h L:D). Frozen isopods and grated carrots were given as food. Stones with crevices were added as a substrate allowing the crabs to hide or to climb emerged in the air. Ovigerous females were checked at least twice daily for the occurrence of freshly hatched larvae.
Larval rearing
Larvae of both S. windsor and M. depressus hatched in April-May 2003. The zoeae were transferred with wide-bore pipettes to individual 100 ml Nunc TM plastic bowls filled with freshwater (conductivity 0.41 mS/cm; checked with a portable Hanna Instruments [Kehl, Germany] ''Combo pH and EC'' apparatus). The conditions of temperature and light were the same as in the maintenance of adult crabs. Water was changed daily, and the larvae were checked for moults or mortality. The zoeae of both species are non-feeding, whereas individuals of the next following stage (megalopa or juvenile) eat when food is available (complete and facultative lecithotrophy, respectively; see Anger and Schubart, 2005) . Hence, no food was given throughout the zoeal phase, while the following stage was fed in daily intervals with freshly hatched Artemia sp. nauplii (ca. 10-15/ml). Before the nauplii were added to the cultures, they were carefully rinsed with freshwater using a sieve (100 mm mesh size) and a squeeze bottle in order to avoid increased salinities in the larval cultures.
Morphological studies and size measurements
Exuviae and specimens were fixed and preserved in 70% ethanol. Descriptions of different instars were based on at least 10 specimens or exuviae of each larval stage. Prior to drawing, larval tissues were partially digested with heated lactic acid and stained with Clorazol Black, improving the observation of larval structures (Landeira et al. 2009 ). Appendages were dissected in water and mounted in permanent slides using Faure's liquid Reyne (1949) . Line illustrations were made under a compound microscope equipped with Nomarski differential interference contrast optics and a camera lucida. The sequence of the larval description progresses from anterior to posterior, and the setal armature on appendages is described from proximal to distal segments, following Clark et al. (1998) . Setal groups on successive segments are separated by a comma and groups of setae on the same segment, or on different lobes of the same endite, are separated by a plus sign (+).
The following measurements were taken in lateral view with a calibrated ocular micrometer: carapace length of zoeal stages as the distance from the frontal to the posterior margin of the carapace (CL); megalopa or juvenile carapace width (CW) as the greatest distance across the carapace; and megalopa or juvenile carapace length (CL) from the frontal to the posterior margin of the carapace. The sizes given are the arithmetic mean 6 95% confidence intervals.
RESULTS
Sesarma windsor
Three larval stages (two zoeae and the megalopa) plus the first juvenile crab instar are described and illustrated in detail.
Zoea I ( Fig. 1 Antennule (Fig. 1C) . Uniramous, endopod absent. Exopod unsegmented, broad at base with 3 short aesthetascs plus 1 simple distal seta.
Antenna (Fig. 1D ). Unsegmented protopod undeveloped and without rows of spinules. Unsegmented endopod bud approximately three times as long as protopod. Exopod with two short and equal terminal setae. Mandible. Not well developed, with an unsegmented palp and glabrous.
Maxillule (Fig. 1E ). Coxal endite with 7 small setal processes. Basial endite with 3 simple setae and 3 incipient setal processes. Endopod unsegmented with 2 subterminal plus 2 terminal simple setae. Exopod absent.
Maxilla (Fig. 1F) . Coxal endite bilobed with 6 min setal processes and 2 simple setae plus 2 incipient setal (Fig. 1G) . Coxa naked. Basis with 8 medial short simple setae arranged 2 + 2 + 2 + 2. Endopod 4-segmented with 2, 2, 3, 1 + 3 simple setae. Exopod unsegmented, with 4 long terminal plumose natatory setae. Epipodal bud present.
Second Maxilliped (Fig. 1H ). Coxa glabrous. Basis with 3 medial short setae arranged 1 + 1 + 1. Endopod unsegmented with 1 subterminal plus 1 terminal simple setae. Exopod unsegmented, with 4 long terminal plumose setae.
Third Maxilliped (Fig. 1I ). Rudimentary, unsegmented and lacking setae, with differentiated endopod, exopod and epipodite.
Pereiopods. ( Table 2 ).-Dimensions. CL: 1.91 6 0.03 mm.
Carapace. Similar morphology to that of stage I. Eyes stalked.
Antennule ( Fig. 2A ). Setation unchanged from that of zoea I. Antenna (Fig. 2B ). Protopod unchanged. Endopod 6-segmented, exceeds three times the protopod length. Exopod half length of the endopod with setation unchanged.
Mandible (Fig. 2C ). Similar in form to previous stage. Maxillule (Fig. 2D) . Protopod with very small seta on dorsal margin, corresponding probably to a degenerated exopod. Coxal endite unchanged. Basial endite with 5 simple setae (2 thin and 3 larger) and 7 small setal processes. Endopod 2-segmented with 1 + 1 small setal processes and 2 + 2 longer simple setae.
Maxilla (Fig. 2E ). Coxal endite bilobed with 10 small setal processes and 2 simple setae plus 2 small setal processes, respectively. Basial endite bilobed with 7 and 6 small setal processes, respectively. Number of setal processes on the coxal and basial endites hard to determine, due to their small size, could show variation. Endopod unchanged. Scaphognathite with 63-65 plumose marginal setae plus 2 medial plumose setae on inner side.
First Maxilliped (Fig. 2F ). Coxa and basis unchanged. Epipod bud with several marginal protuberances on distal end. Endopod 5-segmented with 2, 2, 1, 2, 1 + 3 simple setae. Exopod totally segmented, with 11-13 long terminal plumose natatory setae.
Second Maxilliped (Fig. 2G ). Coxa and basis unchanged. Endopod 4-segmented with 0, 0, 1, 2 simple setae. Exopod partially segmented, with 10 or 11 long terminal plumose natatory setae.
Third Maxilliped (Fig. 2H ). Endopod 5-segmented with small protuberances on the distal end of the fifth segment. Exopod unsegmented with several terminal protuberances. Epipod 2-segmented, with numerous incipient marginal sparsely plumose setae on the distal segment.
Pereiopods. Uniramous five-segmented lacking setae. Non-functional.
Pleon ( Table 3 ).-Dimensions. CL: 1.94 6 0.06 mm; CW: 1.85 6 0.04 mm.
Carapace (Figs 3A-B). Longer than broad and without spines. Frontal region broad with wide angled frontal edge, ending in a short rostrum bent downward. Tubercles and setation as shown in Fig. 3B . Eyes stalked.
Antennule (Fig. 3D ). Peduncle 3-segmented with 2 plumose, 1 simple, and 1 simple setae, respectively; basal segment bulbous. Endopod not present. Exopod as unsegmented flagellum with 2 subterminal simple setae plus 4 aesthetascs and 1 simple seta.
Antenna (Fig. 3E ). Peduncle 2-segmented, glabrous. Endopod (flagellum) slender, 6-segmented, with 1, 1, 0, 3, 3 + 1 (longer simple seta), 3 setae, respectively. No exopod present.
Mandible (Fig. 3C ). Fully developed, bearing a hard plate-like structure with distal cutting edge and a molar process. Mandibular palp (endopod) 2-segmented with 5-7 simple setae on the distal segment.
Maxillule (Fig. 3F ). Protopod with 2 long plumose setae on dorsal margin. Coxal endite fringed with 13 plumodenticulate setae. Basial endite with 6 denticulate processes plus 10 sparsely plumose setae. Endopod 2-segmented with 2 sparsely plumose setae on the proximal segment and 2 medial simple setae plus 1 short distal simple seta on distal segment.
Maxilla (Fig. 3G ). Coxal endite bilobed with 8 or 9 sparsely plumose setae and 3 plumose setae, respectively. Basial endite bilobed with 10 sparsely plumose setae on each lobe and 1 simple seta between both. Endopod unsegmented with 1 short plumose seta on the dorsal margin. Scaphognathite with 61 to 65 marginal plumose setae plus 2 plumose setae on the inner side and 3 plumose setae on the outer side.
First maxilliped (Fig. 4A ). Coxal endite with 12 sparsely plumose setae. Basial endite with 14 sparsely plumose setae. Epipodite of triangular shape with 3 sparsely plumose setae proximally plus 10 sparsely plumose setae distally. Endopod unsegmented with 6 simple setae. Exopod 2-segmented, glabrous on proximal segment and bearing 5 plumose setae on distal segment.
Second maxilliped (Fig. 4B ). Coxa and basis not differentiated and glabrous. Epipodite reduced to glabrous bud. Endopod 4-segmented with 1 plumose seta, 0, 4 sparsely plumose setae, 6 sparsely plumose setae plus 2 plumodenticulate setae, respectively. Exopod 2-segmented with 0 and 5 plumose setae, respectively.
Third maxilliped (Fig. 4C) . Fully developed. Basis with 22-24 plumose setae. Long epipodite with 14-16 plumose setae plus 27-28 sparsely plumose setae, placed as shown. Endopod 5-segmented with 20-22, 11, 4, 4, 9 sparsely 
2,2,1,2,1 + 4 2,2,1,2,5 2,2,1,2,3 + 2 2,2,1,2,1 + 3 0,0,0,0 0,1 Exopod 6 6 6 11-13 14 13 Pleon (Fig. 4N) . First somite medio-dorsally fringed with a row of 13 min setae. Rest of setation as shown.
Pleopods (Figs. 4I-L) . Biramous. Endopod of first to fourth pairs with 1 terminal cincinnuli. Exopod of first to fourth pairs unsegmented with 6, 6, 6 and 3 plumose setae respectively. Uropod (Fig. 4M) . Uniramous. Exopod with 3 plumose setae.
Telson (Fig. 4N) . Subquadrate, broader than long, smooth, with posterior margin concave and glabrous.
First juvenile crab (Fig. 5 ).-Dimensions. CL: 2.07 6 0.17 mm; CW: 2.10 6 0.09 mm.
Carapace (Fig. 5A ). Slightly broader than long and flattened. Frontal region broad, measuring one half of carapace width, bearing a row of small setae on the anterior margin. Anterolateral margin with an acute spinous process. Posterior lateral margin filled with simple setae.
Third maxilliped (Fig. 5B) . Increased in size compared to previous instar, but with similar shape.
Pleon (Fig. 5C) . Six somites present with setation as shown.
Pleopods. Small buds on somites II to V. Telson (Fig. 5C ). Triangular shape with setation as shown.
Metopaulias depressus
Two larval stages (zoeae) and the first two juvenile crab instars are described and drawn in detail. No megalopal 14,13,12,11,6 13,13,13,11,6 12,12,12,9,6 6;6;6;3;3 stage was observed during the larval development, but the first juvenile shows vestigial characters (e.g., not completely folded pleon, quadratic telson) resembling megalopae.
Zoea I ( Fig. 6 ; Table 1 ).-Dimensions. CL: 1.74 6 0.03. Carapace ( Figs 6A-B ). Globose and without tubercles. Rostrum small, directed downwards. No dorsal and lateral spines. Lateral margins without setae, but 1 small setal wreath on dorsal surface. Eyes stalked.
Antennule (Fig. 6C) . Uniramous, endopod absent. Exopod unsegmented broad at base with 3 short aesthetascs plus 3 simple seta located distally.
Antenna (Fig. 6D) . Unsegmented protopod not much developed and without rows of spinules. Unsegmented endopod bud approximately two times of the length of protopod. Exopod with 1 short terminal simple seta.
Mandible. Not well developed, with an unsegmented palp lacking setae.
Maxillule (Fig. 6E ). Coxal endite with 5 small setal processes. Basial endite with 9 small setal processes. Endopod unsegmented and glabrous. Exopod absent.
Maxilla (Fig. 6F) . Coxal endite bilobed with 3 plus 2 min setal processes, respectively. Basial endite bilobed with 3 plus 2 min setal processes, respectively. However, the number of processes on basial and coxal endites is very difficult to determine due their minute size. Endopod unsegmented not clearly lobuated, with a medial prickly projection plus 2 simple setae. Scaphognathite with 10 plus 3 marginal plumose setae.
First Maxilliped (Fig. 6G ). Coxa and basis glabrous. Endopod 4-segmented with reduced setal processes on first to third segment, and 2 simple distal setae on third and fourth segments. Exopod unsegmented, with 4 long terminal plumose natatory setae. Epipodal bud present.
Second Maxilliped (Fig. 6H ). Coxa and basis naked. Endopod unsegmented and glabrous. Exopod unsegmented, with 4 long terminal plumose setae.
Third Maxilliped (Fig. 6I) . Rudimentary, unsegmented and lacking setae, with differentiated endopod, exopod and epipod.
Pereiopods. (Figs 6J-N) The five pereiopods are developed but not functional. They are unsegmented and without setae. First pair bilobed (cheliform). There are no exopods.
Pleon (Fig. 6O) . Six abdominal somites. First somite with 7 dorsal simple setae. Somites II to V with a pair of small dorsal setae. A pair of small dorsal-lateral knobs is observed on the second segment. Pleopod buds on somites II to V.
Telson (Fig. 6O ). Telson bifurcated, each furcal arm lacking lateral or dorsal spines and with 3 or 4 serrulate spinous processes on posterior margin.
Zoea II ( Fig. 7; Table 2 ).-Dimensions. CL: 1.82 6 0.05 mm.
Carapace. Similar morphology to that of stage I. Eyes stalked (Fig. 7A) .
Antennule (Fig. 7B) . Peduncle 3-segmented without setation; basal segment bulbous. Endopod not present. Exopod consistst only of 1 segment with 1 long simple seta. Antenna (Fig. 7C) . Protopod unchanged. Endopod 4-segmented, exceeds two times the protopod length. Exopod half length of the endopod with 2 distal small simple setae.
Mandible. Similar in form to previous stage. Maxillule (Fig. 7D) . Similar in form to previous stage. Endopod 2-segmented but, glabrous.
Maxilla (Fig. 7E ). Coxal and basial endites similar in form to previous stage, but with setal processes now scarcely visible. Endopod unsegmented, without setae. Scaphognathite with 14 plumose marginal setae and numerous protuberances on the posterior margin.
First Maxilliped (Fig. 7F ). Coxa and basis unchanged. Endopod 4-segmented, but unarmed. Exopod 2-segmented, with 14 long terminal plumose natatory setae.
Second Maxilliped (Fig. 7G ). Coxa and basis unchanged. Exopod 2-segmented, with 13-14 long terminal plumose setae.
Third Maxilliped (Fig. 7H) First juvenile crab (Fig. 8 ).-Dimensions. CL: 1.87 6 0.06 mm; CW: 1.70 6 0.08 mm.
Carapace (Figs. 8A, B) . Longer than broad and without spines. Frontal region glabrous, ending in a very short rostrum bent downward. Tubercles and setation as shown.
Antennule (Fig. 8C) . Peduncle 3-segmented with 0, 1, and 1 simple setae, respectively; basal segment bulbous. Endopod not present. Exopod as 2-segmented flagellum with 1 seta plus 4 aesthetascs on distal segment. Antenna (Fig. 8D) . Peduncle 2-segmented, glabrous. Endopod slender, 6-segmented with 1, 0, 0, 0, 2, 1 seta, respectively. No exopod present.
Mandible (Fig. 8E) . Full development bearing a hard plate-like structure with distal cutting edge. Mandibular palp 2-segmented with 6 plumose setae on the distal segment.
Maxillule (Fig. 8F ). Protopod with 2 long plumose setae plus 1 short simple seta on dorsal margin. Coxal endite fringed with 12 plumodenticulate setae. Basial endite with 7 denticulate processes plus 10 setae. Endopod unsegmented with 2 simple setae distal end.
Maxilla (Fig. 8G) . Coxal endite bilobed with 12 + 3 plumose setae. Basial endite bilobed with 7 sparsely plumose setae on each lobe and 1 simple short seta between both. Endopod unsegmented and glabrous. Scaphognathite with 48 marginal plumose setae plus 2 plumose setae on the inner side.
First maxilliped (Fig. 8H ). Coxal endite with 1 simple seta plus 10 sparsely plumose setae. Basial endite with 10 sparsely plumose setae. Epipodite with triangular shape with 2 sparsely plumose setae proximally plus 8 sparsely plumose setae distally. Endopod unsegmented with 4 sparsely plumose setae plus 1 plumose seta. Exopod 2-segmented, naked on proximal segment and bearing 4 simple setae on distal segment.
Second maxilliped (Fig. 8I ). Coxa and basis not differentiated and glabrous. Endopod 4-segmented with 2 + 1 plumose setae, 1 plumose seta, 5 sparsely plumose setae, and 6 sparsely plumose setae plus 5 plumodenticulate setae, respectively. Exopod 2-segmented with 0 and 4 very short simple setae, respectively.
Third maxilliped (Fig. 8J) . Fully developed. Basis with 18-20 plumose setae. Long epipodite with 7 plumose setae plus 24-26 sparsely plumose setae, located as shown. Endopod 5-segmented with 18-20, 7 + 2, 2 + 5, 4 and 6 sparsely plumose setae. Exopod 2-segmented, with 4 short plumose setae on outer margin of the proximal segment, and 4 long plumose setae on distal one.
Pereiopods. Fully developed with all segments well differentiated.
Pleon (Figs 8K, L). 6-segmented and not totally folded. First somite with a row of 11-12 simple setae; the remaining somites with setation as shown.
Pleopods. Biramous buds very small, as previous stage in size, non-functional.
Telson (Fig. 8K) . Subquadrate, broader than long, smooth, with posterior margin concave and glabrous.
Second juvenile crab (Fig. 9 ).-Dimensions. CL: 2.20 6 0.07 mm; CW: 2.00 6 0.06 mm.
Carapace (Fig. 9A) . Longer than broad, flattened. Frontal region broad, measuring one half of carapace width, bearing a row of small setae on the anterior margin. Cephalothorax margin without spinous processes or setae.
Maxillule and maxilla. Similar form and setation as previous instar.
First and second pereiopodos. Similar form and setation as previous instar, except exopods now showing 4 long simple setae. Third maxilliped (Fig. 9B) . Similar form as previous stage.
Pleon (Fig. 9C) . Six somites present with setation as shown.
Pleopods. Very small buds on somites II to V. Telson (Fig. 9C ). Triangular shape with setation as shown.
DISCUSSION
After Hartnoll's (1964) preliminary account, the present study provides the first complete and detailed morphological description of larval morphology for any of the endemic Jamaican species of freshwater-breeding sesarmid crabs. Both S. windsor and M. depressus show an abbreviated mode of larval development (the former with only two non-feeding zoeal stages and a megalopa; the latter with only two zoeal instars), whereas the coastal marine or estuarine congeneric species S. reticulatum and S. rectum follow the apparently typical generic pattern with three planktotrophic zoeal stages (Costlow and Bookhout, 1962; Fransozo and Hebling, 1986) .
The zoeal stages of S. windsor and M. depressus show similar morphological characteristics. Nevertheless, in S. windsor, the zoea II is followed by a typical brachyuran megalopal stage with functional pleopods and an unfolded pleon, while in M. depressus the zoea II moults to an instar with a partially bent pleon underneath the carapace and with scarcely developed (rudimentary) and non-functional pleopods (in fact, laboratory observations confirm that this stage does not swim). Nevertheless, it displays other characters typically found in megalopae such as a quadrangular telson. The distinctive features of functional morphology in the megalopal stage have been reviewed in several occasions (Gurney, 1942; Williamson, 1982; Anger, 2001; 2006) , and it is generally accepted that the megalopal stage of the Brachyura is morphologically characterised by the presence of functional (natatory) pleopods. Later in ontogeny, these appendages will be functional again only after several postlarval moults and then their function will be reproductive (copulation, attachment of eggs) instead of locomotory. By contrast, the majority of juveniles of Brachyura, and sesarmids in particular, do not display functional larval organs, such as natatory pleopods, although they might present it as vestigial appendages. In early juveniles the telson morphology is also distinct from the megalopa, changing from a quadrangular shape to a triangular one. There are evidences that in many decapod and euphausiid species the transition from megalopa (or decapodite) to juvenile is gradual: many of the larval features displayed by the megalopae are not completely absent in the earliest juvenile instars (for example, the exopods of pereiopods in Caridea or the pleopods in Brachyura). Nevertheless, these characters lose their functionality and may gradually disappear during the first moults of the juvenile. This has been observed in Euphausiacea, Penaeoidea and Sergestoidea (see Williamson, 1982) , some Pinnotheridae (see Hyman, 1924) and also S. windsor (present study) and S. dolphinum Reimer, Schubart and Diesel, 1998 (unpublished data) , whose megalopae exhibit well-developed natatory pleopods while in the first juvenile instar these appendages are only vestigial. Thus, the occurrence of such nonfunctional larval characters in more advanced ontogenic stages should be interpreted as a reminiscence of the previous stage. Accordingly, the development stage that follows the zoea II in M. depressus should not be considered as a megalopa (and thus a larva), but instead it should be viewed as a postlarval stage showing some persisting but non-functional larval features. The development of M. depressus is thus reduced to just two zoeal instars and lacks a megalopal stage. It should be noted here that the so-called megalopa stage in previous studies on larval biology of this species (Hartnoll, 1964; Anger and Schuh, 1992; Diesel and Schuh, 1993; Anger and Schubart, 2005) was, according to our present morphological insight, actually the first juvenile, and the so-called first juvenile in these previous studies is now considered the second juvenile instar. In addition to their morphological traits, the two first juvenile instars also differ in their feeding mode, the first juvenile being facultatively lecithotrophic, whereas the second juvenile is fully dependent on exogenous food sources (Anger and Schuh, 1992; Anger and Schubart, 2005) .
An absence of the megalopal stage in the larval development of brachyurans has already been reported for some pinnotherid species (Hyman, 1924) , and is a distinctive character, for Hymenosomatidae (Lucas, 1971; Wear and Fielder, 1985) . Nevertheless, the suppression of the megalopal stage has not been recorded yet for the ontogenetic development of sesarmid crabs. However, there are certain morphological similarities between the last larval stage described by Soh (1969) as ''larval stage 3'' for the freshwater crab Geosesarma perracae Nobili, 1903 and the earliest juvenile stage of M. depressus. Observations suggest that Soh's ''larval stage 3'' should not be considered a larval stage either, but an earlier juvenile stage homologous to the one found in M. depressus. Consequently, Sesarmidae should now be included in the small group of brachyuran crabs that may omit the megalopal stage in their development. In order to check for the absence of megalopal stages in other species of Jamaican endemic freshwater sesarmids and to better establish phylogenetic relationships among these, further studies are GONZÁ LEZ-GORDILLO ET AL.: SESARMID EARLY DEVELOPMENT needed to deepen our knowledge about morphological changes taking place during the larval development of this brachyuran group. Unpublished observations by Schubart suggest that the Jamaican snail-shell crab Sesarma jarvisi Rathbun, 1914 also develops without a megalopa stage.
Consistent with patterns of abbreviated development in other decapod taxa (for review, see Rabalais and Gore, 1985; Clark, 2000; Anger, 2001; , and similar to other endemic Jamaican sesarmids (S. fossarum Reimer, Schubart and Diesel, 1998 , S. meridies Schubart and Koller, 2005 , 1998 see Anger, 2005; Anger et al., 2007) , both S. windsor and M. depressus produce much larger eggs than closely related species with an extended mode of larval development (cf. Seiple and Salmon, 1987; Anger, 1995) . Correspondingly, also the larvae of S. windsor and M. depressus are conspicuously larger at hatching than those of S. reticulatum and S. rectum (1.87 and 1.74 vs. 0.48 and 0.71 mm, respectively).
The estuarine mangrove-dwelling species S. curacaoense De Mann, 1892 also shows an abbreviated larval development with only two zoeal stages (Anger et al., 1995; Schubart and Cuesta, 1998) . While the size of its eggs (0.60 mm) and newly hatched larvae (cl: 0.74-0.81 mm) is clearly smaller than in the endemic freshwater-breeding forms, it is only slightly larger than in the coastal estuarine species S. rectum and S. reticulatum, which pass through three zoeal stages (present study; cf. Anger et al., 1995; Schubart and Cuesta, 1998) . Hence, the size of eggs and larvae increases in a sequence S. reticulatum , S. rectum , S. curacaoense % M. depressus , S. windsor.
This pattern corresponds to the tendency towards increasing reproductive independence from the ancestral environment, the sea, reflecting differential degrees of evolutionary transition from marine to brackish, and, possibly independently, to limnic conditions (Schubart and Diesel, 1999; Diesel et al., 2000) . This sequence is also consistent with increasing larval lecithotrophy, i.e., utilization of enhanced maternal energy reserves stored in the egg yolk (Staton and Sulkin, 1991; Anger, 1995; 2001; Anger and Schubart, 2005) . A lecithotrophic reproductive strategy allows for a reduced dependence on planktonic food sources, which may be rare or unpredictable in some non-marine environments (Anger, 2001) . Internal reserves are utilized not only as a fuel for larval energy metabolism, but also as raw material for ''developmental reconstruction processes'' and the ontogenetic expression of new structures. As a consequence of endotrophy, larval growth tends to decrease with increasing lecithotrophic potential (Anger, 1995; Anger and Moreira, 2002; 2004) . While size and biomass of planktotrophic marine brachyuran larvae can multiply during development from hatching to metamorphosis (see e.g., Harms, 1990; review in Anger, 2001) , the successive larval stages of S. windsor and M. depressus change only little in body size (present study) and lose substantial amounts of weight and organic matter (Anger and Schubart, 2005; Anger, 2005; Anger et al., 2007) .
The abbreviation of the larval phase in S. windsor and M. depressus is closely associated with pre-displacement (earlier onset) or acceleration (faster developmental rate) in the expression of some character states, but also with a reduction in others (for terminology of heterochronic developmental processes, see Clark, 2000; Clark et al., 2005) . In these species, newly hatched zoea-I larvae show a conspicuous pre-displacement in the expression of the antennal endopod, the third maxilliped, the pereiopods, and the pleopods. The same patterns of overdevelopment at hatching were observed in other sesarmid species with an abbreviated development, namely S. dolphinum Reimer, Schubart and Diesel, 1998 (unpublished data) , S. bidentatum (see Hartnoll, 1964) and G. perracae (see Soh, 1969) . In the more marine S. reticulatum and S. rectum, in contrast, these appendages are expressed only after the moult to the second zoeal stage, which is typical for the vast majority of brachyuran crabs with an extended mode of larval development (Ingle, 1982; Clark, 2000; Clark et al., 2005) .
In spite of these similarities, however, not all patterns of heterochrony are congruent in species with an abbreviated type of development. For instance, the larvae of S. curacaoense hatch with sessile eyes, like those of S. reticulatum and S. rectum, and stalked eyes appear only in the second zoeal stage. The endemic Jamaican sesarmids, by contrast, hatch already with stalked eyes. Similarly, newly hatched larvae of S. curacaoense, S. reticulatum and S. rectum have only 5 abdominal somites, while the 6th somite is expressed only at the moult to the second zoeal stage. The larvae of S. windsor, M. depressus, S. bidentatum, S. dolphinum, and G. perracae, in comparison, show a pre-displacement of this character state, hatching with the complete set of 6 abdominal somites (present study; cf. Hartnoll, 1964; Soh, 1969) . Moreover, sesarmids presenting an abbreviated development (except S. curacaoense) hatch with a longer antennal endopod than the protopod, and with appreciable endopod segmentation from the second zoeal stage on. Such features have never been observed in zoeal stages of sesarmids with an extended (regular) development. Also in the abbreviated development of S. curacaoense the segmentation of the endopod only occurs at the megalopal stage. Lack of predisplacement in S. cuaracaoense as compared to other species with an abbreviated mode of development was also observed in the zoeal scaphognathite setation and in the development of epipod buds on the first maxilliped (Tables 1, 2 ; cf. Hartnoll, 1964; Soh, 1969; Anger et al., 1995) .
Besides pre-displacements of some character states, abbreviated developments also imply various morphological reductions. This includes another interesting difference between the larvae of S. curacaoense and those of all other known sesarmid crabs with an abbreviated mode of development: in the zoeal stages of S. windsor, M. depressus, S. bidentatum, S. dolphinum, and G. perracae, a dorsal spine is completely absent, and the rostral spine is reduced. Also in a species of fiddler crab which breeds in ephemeral rainfall puddles, Uca subcylindrica (Stimpson, 1859) (Ocypodidae), larval development is abbreviated (with only 2 zoeal stages, vs. 5 in most other species of Uca), and the zoeal carapace spines are rudimentary (Rabalais and Cameron, 1983) . In comparison, the zoeae of most estuarine and coastal marine crabs, including S. curacaoense, S. reticulatum, S. rectum, and almost all species of Uca, show well-developed dorsal and rostral spines. This recurrent and obviously convergent reduction of zoeal carapace spines in various species with an abbreviated mode of larval development may be explained by differential selection pressures occurring in the marine plankton vs. non-marine breeding habitats. Experimental studies provide evidence that long carapace spines have an adaptive value in the plankton, reducing the otherwise strong predation pressure by small pelagic fishes and carnivorous invertebrates (Morgan, 1990; Morgan, 1992 , and earlier papers cited therein). In the larvae of S. curacaoense, which probably develop in shallow coastal mangrove swamps (Schuh and Diesel, 1995) , the carapace spines may thus reduce mortality by predation. In the endemic freshwater-breeding sesarmids on Jamaica, by contrast, the evolutionary transition from coastal to landlocked limnic breeding habitats may have rendered this morphological adaptation obsolete. As far as their reproductive behaviour is known, their larval development seems to take place in isolated and hidden micro-habitats such as water-filled bromeliad leaf axils (M. depressus; see , empty snail shells (S. jarvisi; see Diesel and Horst, 1995) , deep burrows dug in river banks (S. fossarum; see Anger, 2005) , or shallow vegetated puddles near rivers (S. meridies; for recent discussion see Anger et al., 2007) . Moreover, female brood-care behaviour, at least in some species, may have further reduced the selective role of predation (Diesel, 1992) .
The abbreviated mode of development is typically associated with further morphological reductions, in particular in the segmentation and/or setation of various appendages including the antennules, the antennae, mandibles, maxillae, and the endopods of first and second maxillipeds (Clark et al., 2005 for Carpiliidae; Bolaños et al., 2004 for Pinnotheridae; Taishaku and Konishi, 2001 for Majidae). Furthermore, the strict lecithotrophic condition of the zoeal stages is associated with an occurrence of nonfunctional mouthparts, and probably a progressive degeneration of the setal ornamentation involved in food manipulation. S. windsor, M. depressus, S. bidentatum, S. dolphinum, and G. perracae show such a conspicuous setal reduction on the coxal and basial endites of the maxillules and maxillae, so that the setae are only discernible as incipient setal processes, almost imperceptible in many cases, causing a lack of functionality of the mouthparts, i.e., a post-displacement event sensu Clark (2005) . This lack of functionality is also observed in other decapods with a lecithotrophic mode of development (see McLaughlin et al., 2001; for anomuran species). Nevertheless, it is remarkable that the setal reduction is limited to the coxal and basial endites (involved in feeding), and that no such reduction is observed in the setae of the scaphognathites, which have a respiratory function. In fact, the characteristic number of setae on the scaphognathites in the first zoeal stage of brachyurans is 4 (10 in Majidae), while species with some degree of lecithotrophy usually bear more than 10 setae (Taishaku and Konishi, 2001; Clark et al., 2005; present study) . This represents again a pre-displacement, this time in the development of the scaphognathite. The typical setation pattern of these appendages is only observable when zoeae moult to the megalopal stage, coinciding with first feeding. In the case of S. curacaoense, where the lecithotrophic condition of the zoeae is facultative, no setal reduction is observed on the coxal and basial endites of the maxillules and maxillae, allowing to process food, when prey is available. These observations suggest a strong relationship between the morphological features of mouthparts and the degree of lecithotrophy during larval development.
Mitochondrial DNA reconstructions of phylogenetic relationships among all American representatives of the genera Sesarma and Metopaulias allowed to determine that all Jamaican endemic species are monophyletic and a sister clade to a second one consisting of Sesarma reticulatum, Sesarma sp. (nr. reticulatum), S. curacaoense (all from the western Atlantic) and Sesarma rhizophorae Rathbun, 1906 (from the eastern Pacific) . Thus phylogenetic distances and time of separation should not differ between the Jamaicans and S. reticulatum on one hand and the Jamaicans and S. curacaoense on the other. This allows two possible interpretations: either the ancestor of these two clades already had an abbreviated development with two zoeal stages, which was extended secondarily in S. reticulatum, or the abbreviation took place convergently in S. curacaoense and the ancestor of the Jamaican endemics. The first scenario of a secondary extension of larval development does not appear very likely. This is supported by the fact that larval development of Sesarma sp. (nr. reticulatum) from the Gulf of Mexico follows the same ontogenetic pattern as S. reticulatum, despite the fact of being genetically intermediate between S. reticulatum and S. curacaoense (Schubart and Felder, unpublished) . Also the morphology of the first stage of S. rhizophorae from the Pacific coast of Panama does not show any morphological reductions compared to S. reticulatum and thus no indication of an abbreviated larval development with less than three zoeal stages (Schubart and Cuesta, 1998) . The interpretation of morphological changes resulting from abbreviated development in S. curacaoense on one hand and the Jamaican endemic species on the other, should thus be treated as two independent evolutionary processes with a similar, but not identical morphological and ecological outcome.
The phylogenetic reconstruction of Schubart et al. (1998) failed to clearly resolve evolutionary lineages within Jamaica. There seems to be an east-west subdivision of species, but sister species relationships are not satisfactorily solved. One outcome, however, is the insight that the six currently described species from mountain streams do not form a monophyletic unit, despite strong morphological similarities. At most, three clades of these river species can be determined with S. dolphinum and S. fossarum (weakly supported sister species) from the west of the island, S. windsor and S. meridies (strong support for sister species relationship) from the central part, and S. bidentatum and S. ayatum Reimer, Schubart and Diesel, 1998 (strong support for sister species relationship) from the eastern part of the island Schubart and Koller, 2005; Schubart, unpublished) . The more terrestrial and specialized forms have evolved posteriorly from these regional clades of river forms, e.g., the eastern S. cookei from the clade of S. bidentatum and S. ayatum . The bromeliad crab M. depressus and the cave crab Sesarma verleyi Rathbun, 1914 occur in the western and central part of Jamaica. Accordingly, they are probably derived from ancestral river crabs from that part of the island Fig.1) . Therefore, morphological similarity between the here described larvae of S. windsor and M. depressus is not surprising, despite the clear cut morphological and ecological differences of the adults. Most ontogenetic changes reflected in larval morphology and ecology probably took place before the colonization of bromeliads and speciation by M. depressus. Nevertheless, it can be expected that subsequent adaptations to conditions in bromeliad leaf axils took place on a physiological level and should be studied in detail.
